The applicability of the Elzone particle counter to the determination of marine bacterial biomass was investigated. The biomass of bacterial pure cultures and a mixed natural population were followed by using the particle counter, a CHN analyzer, and an ATP analyzer. The particle counter showed the precise size distribution of number and volume of submicron-size particles in seawater. For the pure cultured bacterial strains, the conversion factor from volume to carbon is 0.209 mg of C per mm3, and for natural bacterial cells of >0.6 ,um in diameter, it is 0.184 mg of C per mm3. It is recommended that 0.2 be used as the conversion factor for both pure cultured marine bacterial cells and natural bacteria from coastal and near-shore marine environments.
Bacterioplankton play a central role in degradation and turnover of organic matter in aquatic ecosystems. To clarify their activities or contributions to the ecosystem, an estimation of their biomass is prerequisite. Among the techniques used for biomass determination, the direct counting method with epifluorescent microscopy is most widely used (9, 18) . This technique also enables estimation of the size and volume distribution of bacterioplankton in seawater, although it is very tedious and time-consuming (6) . Recently, it has been used in combination with an image analyzer by several workers (2, 5, 10, 17) . However, this approach depends critically on the quality of the primary image. A slight change in focus results in a serious error in volume estimation. For ecological arguments, it is often more valuable to estimate the bacterial biomass as carbon. Bacterial volumes have been converted to carbon by using an appropriate conversion factor and, to our knowledge, the value 0.121 mg of C per mm3 (19) has been most widely used by aquatic microbiologists. However, the validity of this value still remains to be confirmed. Considering intercellular water, Bratbak and Dundas (4) suggested that 0.22 mg of C per mm3 should be used for living bacterial cells. Bratbak (3) further proposed using 0.56 mg of C per mm3 for fixed bacterial samples due to the shrinkage of cells.
The Coulter counter has often been used to obtain the size distribution of phyto-or zooplankton and detrital particles in the sea (16 The purpose of the present investigation was, first, to check the applicability of the Elzone particle counter to the determination of marine bacterial biomass and, second, to obtain the appropriate conversion factor from bacterial biovolume to carbon contents. Marine bacterial pure cultures and a mixed natural population were used for the investigation. Bacterial growth. Bacterial growth was followed by three methods. The increase in particle numbers and size was calculated by using the Elzone particle counter, that of particulate carbon and nitrogen was calculated with the Figure 1 shows a typical example of particle size-volume distributions in the incubated seawater (experiment 4, 20 h) obtained with the Elzone particle counter. In most cases, the increase in total volume is mainly due to particles of >0.6 p.m in diameter (manuscript in preparation). Table 2 .83
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Co .96 possible to follow the details of change in bacterial size distribution throughout the incubation. This information can be especially important in clarifying the behavior of bacterial cells in natural seawater (1). Our results clearly indicated that the increase in bacterial number and volume were not parallel. To obtain the production rate of a natural bacterial population, it is necessary to follow the change in bacterial volume. This instrument can be a useful tool for the measurement of bacterial growth rate in the sea. Bratbak (3) stated that fixation caused the shrinkage of cells, which results in an underestimation of biovolume. As was stated in Materials and Methods, we checked the effect of fixation for both bacterial pure culture and natural bacterial populations. From our observations, the shrinkage of cells due to fixation should not cause as serious an effect as was stated by Bratbak (3) .
The carbon/volume ratios (0.08 to 0.35) for natural samples showed much more variation than those (0.16 to 0.29) for pure cultures. The large variation with natural samples may reflect the physiological conditions of natural bacterial populations. But the average ratio (0.184) for natural populations agreed well with those for (0.209) pure cultures. Taking the average, we recommend using 0.2 as the conversion factor for both natural and pure cultured marine bacteria. Our factor is nearly double the value of 0.121 (19) widely used by aquatic microbiologists. The validity of the value recommended by Watson et al. (19) , however, has not yet been seriously checked. Since the conversion factor is used for the calculation of bacterial production rate from thymidine uptake rate (7), a change in the factor is of considerable importance in quantifying the bacterial contribution to aquatic ecosystems. Our carbon/volume ratios in the natural APPL. ENVIRON. MICROBIOL.
on June 16, 2017 by guest http://aem.asm.org/ Downloaded from bacterial population were obtained by using fractions of >0.6 ,um. Except for a few extremes, the average cell volume ranged from 0.2 to 0.4 ,um3, which was several times larger than the average size of open-sea bacteria (19) . The marine bacterial population, however, increases its size in the nutrient-rich coastal and estuary waters (D. J. W. Moriarty, personal communication). Our conversion factor can apply at least to the microbial population of coastal and near-shore environments.
Compared with the direct count method that uses epifluorescent microscopy, the number of particles counted by the Elzone particle counter is much higher, usually by an order of magnitude (K. Kogure, unpublished data). Most are <0.45 p.m in diameter. It seems that these particles, at least in part, increased rather slowly with time during the incubation. Since they passed through GF/F glass-fiber filter, we could not quantitatively estimate their carbon content. It is possible that these particles are not stained with the fluorochromes commonly used for marine bacteria. It is not certain whether these particles includes any viruses, as was suggested by Sieracki et al. (17) . Investigations to clarify the nature and behavior of these particles are now being undertaken.
In conclusion, the Elzone particle counter can be used for bacterial biomass determination in the sea. As a conversion factor for volume to carbon conversions, we recommend using 0.2 mg of C per mm3 for both pure cultured bacterial cells and natural bacteria of coastal and near-shore marine environments. This instrument is also applicable to oceanographic investigations of other planktonic organisms and detrital particles.
